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A long-standing problem in developmental biology has been to understand how the embryonic germ layers gain the
competence to differentiate into distinct cell types. Genetic studies have shown that members of the GATA and HNF3/fork
head transcription factor families are essential for the formation and differentiation of gut endoderm tissues in worms, flies,
and mammals. Recent in vivo footprinting studies have shown that GATA and HNF3 binding sites in chromatin are
ccupied on a silent gene in endoderm that has the potential to be activated solely in that germ layer. These and other data
ndicate that these evolutionarily conserved factors help impart the competence of a gene to be activated in development,
phenomenon called genetic potentiation. The mechanistic implications of genetic potentiation and its general
ignificance are discussed. © 1999 Academic Press
Key Words: endoderm; competence; HNF3; fork head; GATA; in vivo footprinting.i
s
g
t
i
o
d
(
a
m
a
p
n
f
b
s
h
o
t
sINTRODUCTION
When we think of pluripotent cells, we usually consider
them with regard to what they can become, rather than
with regard to what they are. That is, we can establish
experimental conditions that reveal developmental compe-
tence, such as with cell labeling and tissue explants, but
there are few ways to assess what makes a cell pluripotent
without requiring the cell to differentiate in the process.
While it is straightforward to categorize proteins that are
expressed in pluripotent cells, mere expression does not
necessarily imply that a protein is actively engaged in
maintaining the capacity of a cell or tissue to differentiate.
For example, all cells in a germ layer could express signaling
molecule receptors that are necessary to receive develop-
mental signals that specify different tissue types. In this
case, the receptors in the germ layer cells would not be
engaged, or actively “doing something,” but their mere
presence could be essential to maintain pluripotency. Are
there proteins that are functionally engaged, within a plu-
ripotent cell, that provide different clues about the devel-
opmental paths the cell can take?
In this review, I discuss recently published experiments
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All rights of reproduction in any form reserved.ndicating that certain transcription factors actively “do
omething” that maintains the competence of a pluripotent
erm layer to execute a gene expression program, prior to
he commitment to execute the program. In vivo footprint-
ng experiments have shown that regulatory factors can
ccupy their binding sites in target gene chromatin, as a
iscrete step that occurs prior to transcriptional activation
Gualdi et al., 1996; Bossard and Zaret, 1998). This binding
ctivity is defined here as genetic potentiation, and it has
echanistic implications with regard to how genes are
ctivated in development and how tissues maintain pluri-
otency, as will be detailed below. Genetic potentiation is
ot merely a function of the expression of transcription
actors, in which the factors may be cytoplasmic or nuclear
ut not bound to target genes.
The hypothesis of genetic potentiation is derived from a
ingle example of an unexpected activity of HNF3/fork
ead and GATA transcription factors in the mouse embry-
nic endoderm. However, there are many gene targets for
hese factors in endodermal derivatives and the factors are
trikingly conserved in gut development among the meta-
oans, suggesting that genetic potentiation may be a general
echanism for developmental gene activation.
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2 Ken ZaretWHY OUR UNDERSTANDING OF GUT
ENDODERM DEVELOPMENT HAS
LAGGED BEHIND THAT OF
MESODERMAL AND ECTODERMAL
PATTERNING
The discovery that homeobox gene clusters help deter-
mine the identity of mesodermal and ectodermal tissues in
diverse metazoans is a satisfying confirmation of the evo-
lutionary conservation of basic developmental mechanisms
(Duboule and Dolle´, 1989; Graham et al., 1989; McGinnis
and Krumlauf, 1992). Far less is known about the conserved
mechanisms of patterning of the endoderm, although it is
clear that spatially restricted signals from the mesoderm are
important in some cases, but not others (e.g., see Szu¨ts et
al., 1998; Schroeder and McGhee, 1999). The deficiency of
knowledge about factors intrinsic to the endoderm is in part
because screens for developmental regulatory genes usually
detect mutations that affect external structures that are
easy to see. The endoderm gives rise to internal organs, so
mutations that affect endoderm morphogenesis would be
far more difficult to detect than mutations affecting a wing,
an eye, or a leg. Also, the endoderm-derived organs control
gas exchange, digestion, and metabolism, which are so
fundamental to life that their disruption may elude screens
for developmental mutants. However, as will be discussed
below, in the past 5 years a large amount of data has been
accumulating on transcription factors important for the
endoderm. Some of the factors have been discovered by the
identification of nuclear proteins expressed in endoderm-
derived tissues of the adult and tracing back their develop-
mental expression and function, whereas others have been
found in direct screens of endodermal cDNAs. Remarkably,
the HNF3/fork head and GATA transcription factors are
consistently emerging as being important for gut endoderm
development in metazoans.
MORPHOGENETIC AND CELL LINEAGE
ASPECTS OF GUT DEVELOPMENT
Before considering the roles of the relevant regulatory
proteins, it is useful to briefly review endoderm and gut
tissue development in model organisms. In birds and mam-
mals, there exists the so-called primitive endoderm or yolk
sac that nourishes the embryo. This tissue remains ex-
traembryonic and does not give rise to the definitive
endoderm (Sanders et al., 1978; Gardner and Rossant, 1979);
he latter gives rise to the gut proper. The definitive gut
ndoderm appears to arise first from epiblast cells that
igrate through the primitive streak during gastrulation
Rosenquist, 1971, 1972; Lawson and Pederson, 1987; Law-
on et al., 1991) and then from a subset of the cells
manating from the head process extension of the node
Poelmann, 1981; Selleck and Stern, 1991; Schoenwolf et
l., 1992). Morphogenetically, the foregut and hindgut begin
Copyright © 1999 by Academic Press. All righto form as ventral foldings of endoderm tissue, first at the
nterior and then at the posterior region, respectively, of the
mbryonic disk. These ventral foldings move toward the
idgut, leaving a connection to the yolk or the placenta. As
he gut begins to close off, buds of tissue develop from the
oregut endoderm, giving rise to parenchymal (primary
unctional) cells of organs such as the liver, lung, pancreas,
nd thyroid. Simultaneously, the more posterior gut tube
longates dramatically and differentiates into the intestine.
In Drosophila melanogaster and other insects, only the
idgut epithelium has been considered endodermal, yet its
rigins are closely intertwined with both the foregut and
he hindgut, which are considered ectodermal (Anderson,
972). The anterior midgut primordium develops as invagi-
ations of different portions of the anterior ventral furrow,
long with the foregut itself, while the posterior midgut
rimordium invaginates from the posterior pole of the
mbryo, along with the hindgut (see Reuter, 1994). As noted
y Reuter (1994), the origin of some of the gut precursor
ells as endodermal or ectodermal is not clear, and thus the
efinition and perhaps the significance of germ-layer origin,
n this context, is hazy.
Analogously, in Caenorhabditis elegans, the intestine is
ndodermal while the pharyngeal/anterior and rectal/
osterior portions of the gut are considered mesodermal and
ctodermal. Although the final gut structures in most
etazoans are denoted similarly, in the worm, as in the fly,
he various tissue origins are intertwined. In the early
ematode embryo, the EMS cell gives rise to two daughter
ells, MS and E, the latter of which is induced by the P2 cell
to be different from the MS cell (Goldstein, 1993). The
intestinal endoderm is derived entirely from the E cell,
while the posterior pharynx and other components are
derived from the MS cell (Deppe et al., 1978; Sulston et al.,
1983). The anterior pharynx, however, is derived from the
distinct AB lineage of mesodermal and ectodermal cells
(Sulston et al., 1983).
In summary, in worms and flies, in which the genetic
nalysis has been more extensive than in vertebrates, dif-
erent germ layers contribute to the gut tube, although the
igestive component is considered to be definitively from
he endoderm. In vertebrates, a greater portion of the gut
ube consists of endodermal derivatives, and there is a
uch greater elaboration of different organs from the gut
ndoderm. While there are differences in the morphogen-
sis and perhaps germ-layer origin of the gut tube in
ifferent triploblastic metazoans, are there underlying
echanisms that reflect common fates or functions of cells
o form the gut and its derivatives?
HNF3/FORK HEAD FACTORS AND AN
EVOLUTIONARILY CONSERVED
PROGRAM FOR GUT DEVELOPMENTHNF3 proteins were initially discovered as liver-enriched
transcription factors in mammals (Lai et al., 1990, 1991), in
s of reproduction in any form reserved.
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3Molecular Mechanism for Developmental Competencewhich they bind and activate virtually all genes expressed
specifically in gut endoderm-derived lineages (Costa et al.,
1989; Liu et al., 1991; Paulweber et al., 1993; Sawaya et al.,
993; Philippe et al., 1994). The three HNF3 isoforms,
esignated a, b, and g, are encoded by different genes, yet
hey contain about 85% sequence identity over their DNA
inding domain (Lai et al., 1991; Kaestner et al., 1994).
emarkably, the fork head protein in Drosophila contains
2% identity with HNF3 factors over this amino acid
equence (Weigel and Ja¨ckle, 1990). The so-called “HNF3/
ork head domain” exhibits a novel protein fold called the
winged helix,” consisting of a helix-turn-helix motif
anked by two “wings” of polypeptide chain that also make
NA contacts (Clark et al., 1993). In the past 6 years, over
60 winged-helix factors have been discovered, and HNF3
nd fork head comprise a subgroup of more highly related
amily members (Kaufmann and Kno¨chel, 1996).
In the mouse, HNF3b is first expressed in the anterior of
he early primitive streak, at 6.5 days gestation, and later in
he definitive endoderm, the notochord, and the floor plate
f the neural tube (Sasaki and Hogan, 1993; Monaghan et
l., 1993; Ang et al., 1993; Ruiz i Altaba et al., 1993).
omozygous inactivation of HNF3b in mice results in
defects in foregut morphogenesis and a failure to form the
notochord, providing genetic evidence that the factor is
critical for these tissues (Ang and Rossant, 1994; Weinstein
et al., 1994). Recent studies with chimeric mouse embryos
indicate an intrinsic requirement for HNF3b in foregut and
idgut endoderm specification (Dufort et al., 1998). HNF3a
is first expressed in the definitive endoderm at the late
primitive streak stage and later more weakly in tissues in
which HNF3b appears; homozygous inactivation of HNF3a
results in perinatal lethality, apparently due to pancreatic
defects (Kaestner et al., 1999). HNF3g is first expressed in
he endoderm after the formation of the gut (Monaghan et
l., 1993; Ang et al., 1993) and its genetic inactivation
educes liver gene expression but is not lethal (Kaestner et
l., 1998). Thus, while all of the HNF3 proteins are involved
n the differentiation of endoderm-derived tissues, HNF3b
is critical for both the formation and the maintenance of the
definitive endoderm.
The fork head gene is expressed in, and is essential for,
the formation of the anterior and posterior ectodermal gut
structures in the fly; in fork head mutants there is a
transformation of the terminal gut structures into head
structures (Ju¨rgens and Weigel, 1988; Weigel et al., 1989).
Additionally, fork head is transiently expressed in the
midgut and is critical for the integrity of the digestive tissue
(Weigel et al., 1989). Thus, the role of fork head in fly gut
development transcends germ-layer origin.
Recently, the PHA-4 (Ce-fkh-1) protein in C. elegans was
discovered to be a member of the HNF3/fork head subgroup
of winged-helix factors (Azzaria et al., 1996; Kalb et al.,
1998; Horner et al., 1998). Remarkably enough, like fork
head in Drosophila, pha-4 is also required for the formation
of terminal gut structures in the worm (Mango et al., 1994;
Kalb et al., 1998; Horner et al., 1998). Both fork head and
Copyright © 1999 by Academic Press. All rightha-4 are expressed in the midgut endoderm as well. A
otential difference between the two factors is that fork
ead activity has been interpreted to be permissive for gut
ndoderm formation (Weigel et al., 1989; H. Ja¨ckle, personal
ommunication), whereas pha-4 appears to be a “master”
ene (Kalb et al., 1998; Horner et al., 1998). That is, ectopic
xpression of PHA-4 in C. elegans, but not fork head in
rosophila, is sufficient to induce pharyngeal gut cells.
onetheless, the related roles of winged-helix factors in gut
evelopment of such diverse metazoans suggests the exis-
ence of a fundamentally conserved genetic program. The
mportance of these factors for gut development may ex-
end beyond the triploblastic metazoans, in that the diplo-
lastic Hydra expresses in its endoderm a HNF3/fork head
ubfamily member called budhead (Martinez et al., 1997).
THE PLOT THICKENS: GATA FACTORS
AND THE DEVELOPMENTAL PROGRAM
FOR THE GUT
New studies indicate that the genetic program for the gut
also involves evolutionarily conserved members of the
GATA family of transcription factors. GATA factors con-
tain one or two distinct (Cys-Cys)2 zinc fingers as their
DNA binding domain (Omichinski et al., 1993). GATA-1,
-2, and -3 are unlinked isoforms that are important in
vertebrate hematopoietic development (e.g., see Tsai et al.,
1989; Evans and Felsenfeld, 1989; Leonard et al., 1993) and
GATA-4, -5, and -6 were discovered later and found to be
expressed in the heart and gut (Arceci et al., 1993; Laverri-
ere et al., 1994; Matsuda et al., 1994). Homozygous inacti-
vation of the GATA-4 gene in mice causes defects in the
heart and in foregut morphogenesis, resulting in an appar-
ent absence of ventral foregut endoderm (Kuo et al., 1997;
Molkentin et al., 1997). Chimeric embryo experiments
indicate that the requirement for GATA-4 in the heart is
either not intrinsic (Narita et al., 1997a) or is redundant
(Jiang and Evans, 1996). By contrast, GATA-4 is intrinsi-
cally necessary for proper foregut and hindgut endoderm
development (Narita et al., 1997b) and GATA factors di-
rectly regulate genes in the gut and gut derivatives (Davis
and Burch, 1996; Gao et al., 1998; Bossard and Zaret, 1998).
Thus, both GATA-4 and HNF3b are expressed in, and are
critical for, the development of the gut itself, and both
factors activate genes in tissues that are derived from the
gut endoderm.
The serpent protein is a GATA-like factor that is essen-
tial for the formation of the midgut endoderm in Drosoph-
ila (Abel, et al., 1993; Reuter, 1994; Rehorn et al., 1996).
Interestingly, the serpent gene is not expressed in the
midgut itself, but rather in the midgut primordia in the
developing foregut and hindgut (Rehorn et al., 1996), much
like fork head (Reuter, 1994), as well as in the mesoder-
mally derived fat body (Abel et al., 1993). In serpent
mutants, the midgut assumes aberrant features that are
dependent upon fork head expression, whereas in wild-type
s of reproduction in any form reserved.
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4 Ken Zaretembryos, fork head expression becomes extinguished in the
idgut (Reuter, 1994). In summary, the genetic and expres-
ion data indicate that both serpent and fork head are active
n the early foregut and hindgut regions, and that the
ubsequent persistence of fork head, but not serpent, in the
esultant midgut is later antagonized by a cascade that was
nitiated earlier by serpent in the midgut primordia. Thus,
ork head and serpent first work together or in parallel and
hen, apparently, antagonistically.
The simultaneous need for an HNF3/fork head and
ATA factor in gut patterning extends to C. elegans. The
orm contains two relevant GATA factors, end-1 and elt-2
Zhu et al., 1997; Hawkins et al., 1995; Fukushige et al.,
1998), in addition to other GATA proteins (Shim et al.,
1995; Fukushige et al., 1998). The end-1 gene complements
large genetic deficiency that itself results in the deletion
f the endoderm, such that the E cell fails to respond to its
nductive signal and instead gives rise to ectoderm and
esoderm (Zhu et al., 1997). Ectopic end-1 expression in
blastomeres other than the E cell is sufficient to induce an
endodermal fate (Zhu et al., 1999). End-1 is expressed at the
ime of formation of the E cell, it persists for several cell
ivisions, and then it becomes undetectable (Zhu et al.,
997). Thus, like serpent, end-1 functions early and tran-
iently in endoderm specification. However, the nematode
lso expresses another endodermal GATA factor called elt-2
Hawkins et al., 1995). Elt-2 is expressed in E cell descen-
ants, after the E cell’s first division and therefore subse-
uent to the expression of end-1 (Fukushige et al., 1998).
lt-2 persists throughout endoderm development and ap-
FIG. 1. Models for activities of transcription factors in pluripoten
NA. In the model on the left, HNF3 and GATA factors would be
enes in pluripotent cells and thereby facilitate gene activation du
actors would not be genetic potentiators; their binding to genes wears to be critical for terminal differentiation of the gut,
ather than gut specification. Although neither elt-2 nor
Copyright © 1999 by Academic Press. All rightwo other C. elegans GATA factors, elt-1 and elt-3, can
ause ectopic gut structures, elt-2 alone is able to induce
ctopic gut gene expression (Fukushige et al., 1998). Thus in
C. elegans, the sequential action of end-1 and elt-2 is
critical for gut development.
Considering the sequential activity of GATA factors in C.
elegans and the continuous expression of GATA-4, -5, and
-6 in both early and late endoderm development in the
mouse, it is interesting to note that another GATA factor
exists in Drosophila that is expressed, after serpent, in the
anterior and posterior midgut primordia (Lin et al., 1995).
The function of this factor, dGATAc, in that context is not
yet known.
The mouse, the fly, and the nematode worm all utilize a
subset of HNF3/fork head and GATA factors for gut devel-
opment. Although only some of these factors are expressed
throughout gut development, it is notable that they all
function in early, pluripotent cells undergoing an intense
period of cell type specification and differentiation. How do
these transcription factors act, from a mechanistic perspec-
tive, to impart developmental competence to pluripotent
gut precursor cells?
GENETIC POTENTIATION DETECTED BY
IN VIVO FOOTPRINTING
Two mutually exclusive models can be envisaged for the
function of transcription factors that are expressed in plu-
ripotent cells, prior to the activation of the factor’s target
ls. Blobs designate transcription factors, horizontal bar represents
tic potentiators, in that they would bind to transcriptionally silent
tissue specification. In the model on the right, HNF3 and GATA
depend upon factors induced during tissue specification.t cel
genegenes during cell type specification and differentiation. In
the first model (Fig. 1, left), the factors would occupy target
s of reproduction in any form reserved.
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5Molecular Mechanism for Developmental Competencesites on DNA for silent genes that would have the potential
to be activated later in development. In a sense, the factors
can be viewed as enhancing the potential of genes for
activity, and thus this model is referred to as “genetic
potentiation.” Prebinding of a limited number of factors has
mechanistic advantages for activating gene expression, as
will be discussed below. In the second model (Fig. 1, right),
the factors could be present in the cells but not occupying
their target sites on genes to be activated. By this model, the
early factors would require binding of factors induced later,
during cell specification or differentiation, to be able to
engage sites in chromatin. The earliest expressed factors
would be secondary in the mechanistic hierarchy of regu-
latory proteins.
In vivo footprinting can discriminate between the two
models. The technique involves treating pluripotent cells
with dimethyl sulfate (DMS), which permeates the plasma
membrane and methylates guanosine residues in DNA that
are not protected by tightly bound protein (Siebenlist and
Gilbert, 1980) (Fig. 2). Conditions are established so that on
average, one guanosine (G) is methylated per several hun-
dred base pairs (Church and Gilbert, 1984; Ephrussi et al.,
985; Bossard et al., 1997). Genomic DNA is then purified
rom the cells and chemically cleaved at each methylated
. An elaborate but highly sensitive procedure called
ligation-mediated PCR” is then used to map the cleavages
Mueller and Wold, 1989). The DMS protection pattern of G
esidues in a test tissue, in which relevant transcription
actors are expressed, is then compared to the protection
attern in a control tissue in which the factors are not
xpressed. The difference in protection pattern provides
lues about DNA sequence occupancy by the binding
actors, or “in vivo” footprints. Comparison of the in vivo
FIG. 2. Methodology for in vivo footprinting. Guanosine residues i
to dimethyl sulfate (thin arrows); light G’s are protected by closely
the G’s are methylated in a local region of DNA.DMS protection patterns with those elicited by purified
factors on DNA in vitro can provide strong evidence that a
Copyright © 1999 by Academic Press. All rightarticular transcription factor, or a transcription factor
amily, is occupying the target site in vivo. Definitive
vidence for binding of a specific factor, or class of factor, is
est obtained by crosslinking and chromatin immunopre-
ipitation experiments (e.g., Orlando and Paro, 1993), but
he sensitivity of this methodology is often insufficient for
tudies of individual cell types in embryos.
HNF3 AND GATA FACTORS AS GENETIC
POTENTIATORS
The mouse serum albumin gene has recently been used
for in vivo footprinting experiments to assess GATA and
HNF3 site occupancy during endoderm differentiation. The
albumin gene is expressed specifically in the liver and is
activated in the ventral foregut endoderm at the time of
liver specification, at about 8.5 days gestation in the mouse
(Gualdi et al., 1996). Both HNF3 and GATA factors bind
and activate a transcriptional enhancer of the albumin gene
in adult liver cells (Liu et al., 1991; Jackson et al., 1993;
Bossard and Zaret, 1998), and as described above, these
factors are present in the undifferentiated ventral foregut
endoderm at the 8.5-day stage. Although albumin and other
liver genes are normally not expressed outside the ventral
foregut, the albumin gene can be artificially activated in the
prospective dorsal–posterior endoderm if the tissue is re-
moved from the inhibitory influence of dorsal mesoderm
and ectoderm and cultured in vitro (Gualdi et al., 1996). The
dorsal–posterior endoderm normally becomes the intestine,
so the demonstrated ability to induce albumin transcription
in this tissue, but not in isolated neural tube, embryo head
fragments, etc., suggests that solely the endoderm is pluri-
A (horizontal lines) are represented as G’s. Dark G’s are accessible
nd protein. The DMS treatment is performed so that only some ofn DNpotent in this regard.
In vivo footprinting studies showed that HNF3 and
s of reproduction in any form reserved.
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6 Ken ZaretGATA target sites at the albumin gene enhancer are not
occupied in embryo neural tubes and head fragments,
which are deficient in the factors (Gualdi et al., 1996). In the
nascent liver bud, in which the albumin gene has just been
activated, both HNF3 and GATA sites are occupied, as are
four other adjacent transcription factor binding sites (Fig. 3,
Hepatic primordia). At least three of these other sites are
necessary for albumin enhancer function (Liu et al., 1991;
u et al., 1992; Jackson et al., 1993). Remarkably, in the
luripotent endoderm, in which the albumin gene is silent
ut can be activated, the binding sites for HNF3 and
ATA-4 are occupied but the sites for the other transcrip-
ion factors are not (Gualdi et al., 1996; Bossard and Zaret,
1998) (Fig. 3, Endoderm). The protection patterns seen in
the endoderm in vivo precisely mimic those seen for the
purified factors binding to enhancer DNA in vitro. Thus,
HNF3 and GATA factors qualify as genetic potentiators, as
they apparently bind their target sites on a potentially
active gene.
A MOLECULAR MECHANISM FOR
DEVELOPMENTAL COMPETENCE
FIG. 3. HNF3 and GATA factors are genetic potentiators for
lbumin expression. The upper diagram summarizes in vivo foot-
rinting data of the serum albumin gene enhancer in pluripotent
ndoderm, where the albumin gene is silent but can be activated.
he HNF3 and GATA factor binding sites alone are occupied. No
actors are bound to the enhancer segment in nonendodermal
issues of the embryo (not shown). The lower diagram depicts the
n vivo footprint pattern of factors bound to the enhancer segment
n hepatic primordial cells within the liver bud of the embryo. NF1,
Y, and eX are other transcription factor binding sites. A second
NF3 site becomes occupied in the hepatic primordia; this site is
weaker HNF3 binding site than the site occupied in endoderm,
ut is still essential for enhancer activity (see Gualdi et al., 1996;
ossard and Zaret, 1998; for details).There are several ways that factors occupying their bind-
ing sites on silent genes could impart competence for
t
t
Copyright © 1999 by Academic Press. All rightevelopmental activation. A simple way is by reducing the
umber of subsequent factor binding events that are re-
uired to activate a regulatory sequence at the appropriate
ime and place. It is well established that tissue-specific
egulatory sequences become active when they are bound
y a critical group of transcription factors (Maniatis et al.,
987; Yuh et al., 1998; Carey, 1998). If an insufficient
umber of factors is bound, such as with HNF3 and
ATA-4 at the albumin enhancer in the endoderm, the
egulatory sequence is inactive, but it would be poised to
ecome active upon binding additional, rate-limiting fac-
ors. Genetic potentiation would reduce the time required
o assemble an active enhancer or promoter complex when
dditional factors are induced during cell specification and
ifferentiation, and it would thereby promote more syn-
hronous gene activation within a population of cells. This
ould facilitate, for example, tissue inductive responses
hat require a community effect (Gurdon, 1988). Thus,
enetic potentiation could affect both temporal and spatial
arameters in embryonic gene activation.
From a mechanistic perspective, there are more interest-
ng ways that genetic potentiators could promote transcrip-
ional activation. The three-dimensional structure of the
inged-helix DNA binding domain of HNF3, fork head, and
ha-4 is similar to the structure of linker histones (Clark et
l., 1993; Ramakrishnan et al., 1993; Cerf et al., 1994).
inker histone restricts the path of DNA as it enters the
ucleosome surface (Zhou et al., 1998) and thereby helps
ompact chromatin structure. The presence of linker his-
ones is associated with transcriptional inactivity and
inker histone loss is usually accompanied by gene activa-
ion (e.g., Bresnick et al., 1992; Bouvet et al., 1994; Stein-
ach et al., 1997; Lee and Archer, 1998). Recent in vitro
tudies have shown that winged-helix transcription factors
an bind to linker histone sites on nucleosome core par-
icles and displace linker histones from nucleosomes (Cir-
llo et al., 1998). Thus HNF3, fork head, and pha-4 might
otentiate gene activity in pluripotent cells by displacing
inker histones and helping to decompact chromatin,
hereby making the local DNA region more accessible to
ther transcription factors.
Furthermore, DNA binding factors often interact with
NA nonbinding proteins called “coactivators” that help
onfer transcriptional activation (Kwok et al., 1994; Kuro-
awa et al., 1998). For example, the GATA-1 transcription
actor binds the coactivator proteins FOG and CBP (Tsang
t al., 1997; Blobel et al., 1998). Both of these coactivators
ind to the Zn-finger, DNA binding domain of GATA-1,
nd at least CBP appears capable of binding the endodermal
ATA-4 (Weiss et al., 1997; Blobel et al., 1998). CBP
ossesses histone acetyltransferase activity and histone
cetylation increases transcription factor access to chroma-
in and facilitates gene activation (Bannister and Kouzar-
des, 1996; Yang et al., 1996; Lee et al., 1993; Hebbes et al.,
994; Vettese-Dadey et al., 1996; Kuo et al., 1998). It
herefore seems possible that in pluripotent cells, chroma-
in binding by GATA factors results in histone acetylation,
s of reproduction in any form reserved.
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7Molecular Mechanism for Developmental Competencewhich could facilitate the binding of other transcription
factors as well as RNA polymerase during cell type specifi-
cation and differentiation.
Genetic potentiation, as described here, is analogous in
concept but not mechanism to the “preset” state that has
been described for heat shock genes in Drosophila (Wu,
1980; Wallrath et al., 1994). In development, the promoters
of heat shock genes assume an open chromatin configura-
tion as they bind the GAGA transcription factor, TATA-
box binding factor, and RNA polymerase (Shopland et al.,
1995). RNA polymerase becomes engaged in transcription
but remains paused just downstream of the start site
(Rougvie and Lis, 1988). During heat shock, the heat shock
transcription factor becomes competent to bind the pro-
moter and cause polymerase release, resulting in gene
transcription (Brown et al., 1996). At present it is not clear
how the paused polymerase complex is established in fly
development; for example, it may require initial rounds of
heat shock-stimulated transcription. While it seems un-
likely that tissue-specific genes in the endoderm have
sufficient transcription factors bound to engage RNA poly-
merase, and although there is no evidence for polymerase
pausing in the transcription of such genes (e.g., see Gorski
et al., 1986), the heat shock genes do provide an important
precedent for the existence of a stable state of transcription
factor binding and chromatin modification that precedes
active gene expression.
In summary, both the winged-helix and the GATA fac-
tors have been shown by genetics and in vivo footprinting
o qualify as genetic potentiators of the endoderm. Their
hromatin-modifying activities seem especially well suited
o factors that are among the first to bind genes early in
evelopment. Stable factor binding in pluripotent cells may
ediate developmental competence by permitting the sub-
equent steps of gene activation to occur rapidly and syn-
hronously during tissue specification and differentiation.
variety of other transcription factors has recently been
ound to be important for endoderm development and
ifferentiation, including Xsox17a and -b (Hudson et al.,
997), Hex (Thomas et al., 1998), and Mixer (Henry and
elton, 1998). As their target genes become characterized
nd the mechanism of action of these new factors begins to
e understood, perhaps some will also be found to be
enetic potentiators. Similarly, it seems likely that winged-
elix and GATA factors that are expressed in nonendoder-
al contexts will function mechanistically as they do in
he endoderm. Thus, despite the fact that our understand-
ng of endoderm development has lagged behind that of
ther germ layers, the gut presents a paradigm or two of
ignificance for the rest of the embryo.
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